Introduction
Human skin is a physical barrier at the interface between the human body and its environment. It prevents water loss and protects the body from physical, chemical, and biological insult. At the same time, the skin contributes to the vascular capacity of the entire body, to blood pressure control, and to glucose handling. 1, 2 The main components involved in glucose handling in human skin are blood plasma, lymph fluid, interstitial fluid (ISF), and cells.
In diabetes care, glucose concentration is generally measured in full blood or in blood plasma. Decisions for intervention are based on this concentration. However, it seems that the effect of hyperglycemia on both the symptoms and complications of diabetes is presumably mediated via ISF and cellular effects. 3 New technologies, e.g., electrochemical sensors, have been developed that measure glucose concentration in the ISF of human skin. 4, 5 Tests with these sensors showed that the measurement depth of the sensor influences the measured value. 6 Besides this intrasubject variability, intersubject variability is also an important aspect for these measurements. [7] [8] [9] This variation between subjects can, for example, originate from variability in the composition and thickness of the different layers. 10 A computational model that allows investigation of these relations has been published. 11 The model calculates spatiotemporal glucose dynamics in the epidermis, dermis, and subcutaneous layer. In this current study, the composition of human skin was investigated in detail. The composition of the three layers of the skin was quantified using skin biopsies. These data are essential input for the model but were unavailable in the literature. This composition was applied to the model. In addition, the influence of intersubject variability of the histology parameters on glucose handling in human skin was characterized.
Materials and Methods

Histology
This study aimed to characterize the composition of human skin by quantifying the volumes of blood plasma, lymph fluid, ISF, cells, and remaining volume per layer. The remaining volume is defined as the volume that does not take part in the transport of glucose and water, e.g., volume occupied by collagen fibers. Three layers were characterized: epidermis, dermis, and adipose tissue. A large part of these data were not available in the literature. Therefore, these values were obtained by the histology research described in this study. This was combined with data from the literature. [12] [13] [14] [15] [16] [17] [18] Slices of biopsies of the lower leg of six different subjects (healthy, 4 male, 2 female, 26-48 years of age) were studied with light microscopy (Leica LDMD). Approval was obtained from the ethical committee of the Catherina Hospital in Eindhoven, the Netherlands. The biopsies were taken in the Catharina Hospital. Biopsies were originally taken to investigate the mechanism of temporary hair removal by intense pulsed light.
The biopsies were cut into slices and stained with hematoxylin and eosin. In the slices studied with light microscopy, cells were counted for each layer. Additionally, cells were counted for the papillary and reticular dermis separately. Next, the surface area of the layer on the picture was calculated. Finally, the number of cross sections of blood vessels was counted in the adipose tissue.
The result of the counting was the number of cells and blood vessels for a certain surface area. The average surface area for one cell (A) was calculated by:
where r is the mean radius for the cell type; r was 10 (6-15 μm for layers most essential in glucose handling), 2.5, 80, and 8 μm for the keratinocytes, fibroblasts, adipocytes, and blood vessels, respectively. 10, 13, 15, [19] [20] [21] [22] Next, the cell and vessel density (ρ) was calculated:
where n is the number of cells in the layer and S is the total surface area on the picture. It was assumed that the volume density of the cells in a layer was equal to the surface density. Finally, in order to determine the glucose uptake rate per layer, the total cell water volume per layer was calculated:
where n cell_water is the water volume of one cell, with 0.7, 0.7, and 0.04 μm 2 cell water/μm 2 cell 10, 13, 15, 17, 18, 22 for the epidermis, dermis, and adipose tissue, respectively.
Computational Modeling
The spatiotemporal model as described in Groenendaal and colleagues 11 was used. In short, the model calculates the glucose concentration per component per layer dependent on depth of the skin using the glucose concentration in the blood as an input. The model outputs, e.g., glucose dynamics in the ISF of the dermis, can be compared to physiological measurements. Here, the model was used to study the influence of changes in the composition in the skin, e.g., changes that arise between subjects. These variations include layer thickness and variation in the volumes of the components.
First, a parameter sensitivity analysis (PSA) was performed in which component volumes were changed. These changes were matched with a change of the excluded volume. In this manner, the total volume remained 100%. The volumes were changed using the variation in the histology parameters and the change in lag time during an oral glucose tolerance test (OGTT) was calculated. The OGTT data of Groenendaal et al. 11 was used. The lag time was the difference in time between blood plasma and the other compartments to reach a glucose concentration of 6.5 mM during the down slope. Second, the influence of the layer thickness was quantified both by the change in lag time as well as by steady state simulations using a constant glucose concentration of 5 mM as input. In the latter case, the change in ratio between blood plasma and the other compartments was calculated. The thickness of all layers was varied. The physiological range in human skin is (less than) 1 to 4 mm 10,15 and 1 to 12 mm 23 for the dermis and adipose tissue, respectively. The thickness of the epidermis on a human forearm is 36-61 μm. 24 On the wrist, this thickness can increase to almost 100 μm. 24 Therefore, we tested a thickness of 50 and 100 μm. 
Results
Results are presented per layer. Histology pictures are shown in Figure 1 .
Epidermis
Epidermal cells are arranged in continuous layers (see Figure 1A ). These layers vary in composition. However, in this study, the epidermis was quantified as a whole, excluding the stratum corneum (SC). The SC contains hornified cells and virtually no ISF volume, i.e., it does not significantly contribute to glucose metabolism. The average composition of the epidermis is given in Table 1 . The blood plasma volume in the dermis was calculated based on oxygen tension measurements from Evans and Naylor. 14 They calculated a blood volume of approximately 8% of the tissue volume.
The volume of the lymphatic system was calculated following an identical strategy to the blood volume in the adipose tissue. The number of lymphatic vessel cross sections (LVCS) was determined by Lubach and coworkers. 16 In the human forearm, 1.3 and 1.9 LVCS were counted per mm 2 in the papillary and reticular layer, respectively. 16 The diameter of the lumen of the initial capillaries is ~50 μm. 26 Combining these results gives a volume density of 0.3-0.4%.
The excluded volume is calculated by extracting the volumes of the other compartments from the total volume. The value is of the same order of magnitude as the value determined by Johnson and Fusaro. 
Adipose Tissue
Figure 1C depicts both the subcutaneous layer as well as the dermal layer. A clear difference can be seen between the layers, e.g., in the size of the cells. Similar to the dermis, the adipose tissue contains cells, extracellular matrix, blood plasma, and lymph vessels. However, the volumes of the different compartments are different. The composition of the subcutaneous layer is given in Table 3 .
The ISF water content of the adipose tissue is 10-30%. 13 The cell density was calculated to be 78% ± 30%. This gives a cell water content of 3.1% ± 1.2%. Next to the cells, the blood vessels are also counted in 10 histology pictures. The density was 2.0% ± 0.9%.
The number of lymph vessels is smaller in the adipose tissue than in the dermis. 16, [26] [27] [28] However, no quantitative
The ISF volume in the epidermis increases from virtually absent in the SC to ~40% in the basal layers. 15, 17, 18 Based on the work of Warner and colleagues 18 and Hansen and Yellin 25 , Van Kemenade 15 calculated a depth-dependent water profile of the epidermis and was able to distinguish between intercellular and intracellular water. Unfortunately, only one subject was characterized in this way. This profile was applied to the model as an estimated guess to determine the possible influence of such a gradient.
The cell water content calculated from the cell counting was of the same order of magnitude to the value obtained by Van Kemenade (almost 40%). The minor difference could be caused by assumptions in the cell counting, by the small sample size number of Warner et al. 18 (n = 1) or by assumptions in the work of Van Kemenade. 15 The excluded volume is calculated by extracting the volumes of the cells and the ISF of the total volume. This varies throughout the depth of the epidermis. Figure 1B shows a picture of the dermis. It can be seen that, compared to the epidermis, the dermal layer contains more connective tissue and a smaller number of cells. The composition of the total dermis is given in Table 2 . An explanation of the results follows.
Dermis
The number of cells was dependent on the location in the dermis. The number of cells in the reticular dermis was 7.1 ± 2.1, while the number of cells in the papillary layer was 28.1 ± 7.7. The two groups were significantly different (p value << .05). The average density was 0.3% ± 0.1%.
The density of the skin is typically 1.1 g/ml. 1 The ISF volume in the dermis is usually around 0.40 ml/g. 12 This gives a volume density of 44% water. This matches the range that is given by Johnson and Fusaro. data were found on the lymphatics in the adipose tissue. In addition, it was not possible to detect the lymphatics in the histology pictures. Therefore, the volume percentage of the lymphatics in the adipose tissue was taken equal to the percentage in the dermis. The influence of this assumption on glucose dynamics has been tested with the computational model. Figure 2 shows a comparison of the composition of the three layers and assists in comparing the layers. The figure clearly demonstrates the difference between the layers, e.g. in cell and blood volume.
Total Skin
Results Model Simulations
The results of the histology research were used to determine the rate of glucose clearance per layer. Figure 3 shows that, in absence of insulin, the maximal glucose uptake rate is approximately the same in the epidermis and the adipose tissue. However, in the presence of insulin, the glucose uptake rate can increase four-fold in the subcutaneous layer 29 ( Figure 3 ). Besides this, the maximal uptake rate per layer is also dependent on the thickness of the layer. Table 4 shows the response time of the layers expressed in lag times. The decay of glucose concentration in the ISF of the epidermis is faster than in blood plasma, while the response in the adipose tissue lags behind by several minutes.
Subsequently, this study quantified the extent in which physiological changes in the histology parameters can influence glucose dynamics in human skin. Hereto, a PSA was performed. Besides variability in the volumes of the components, the influence of variability in layer thickness was characterized, Figure 4 and Tables 5 and 6. These results show that variations in the thickness of the dermis only influences the lag time of the dermal ISF and the gradients of the dermal and epidermal ISF. When the thickness of the epidermis is increased to 100 μm, this influences the gradients and also the lag time in the dermis and epidermis, but not in the adipose tissue. The thickness of the adipose tissue does influence the gradient and the lag time only in the adipose tissue. In the upper part of the adipose tissue, the gradient remains relatively unaltered, but in the deeper part of the adipose tissue, the gradient is larger, reaching a steady state at a depth of approximately 4 mm.
Finally, the role of the water gradient in the epidermis was investigated. A steady state glucose concentration of 5 mM in the blood plasma was applied to the model as input. Figure 5 gives the depth profile for the control situation for the gradient within the epidermis. 
Discussion and Conclusion
This study quantified the composition of human skin. The volumes of the main components in glucose handling were determined for the epidermis, the dermis, and the adipose tissue. In addition, this study characterized the intersubject variability in these volumes. These results were used as input for a computational model that calculates spatiotemporal glucose dynamics in human forearm skin. A discussion on the histology research and the modeling results follows.
Histology
This study included lower leg biopsies of six subjects, which were combined with literature information of the human forearm. [12] [13] [14] [15] [16] [17] [18] According to Lubach et al. 16 and Champion et al., 13 the skin composition of the human forearm and lower leg is close. This was also concluded in this current study, because the histology research matched the literature values of human forearm skin. This study included biopsies of both males and females. It should be noted that ethnic differences in skin composition were not investigated. Different studies indicated gender and ethnic differences in skin composition. 30, 31 The exact influence on glucose dynamics in skin remains to be determined. This could be achieved using a comparable approach as presented in this study. However, these differences are not expected to alter the results in this study.
This composition of the different layers was in line with the function of the layers. The function as supportive tissue of the dermal layer was reflected in the large amount of connective tissue. In addition, it is well perfused with blood plasma, indicating a fast response to changes in blood glucose concentration. The function of the layers was also reflected in the maximal glucose clearance rate per layer. The epidermis is the barrier that protects the underlying structures and continuously needs energy for this. 1, 2 These results coincide with available data that show that the metabolism of the epidermis overshadows the metabolism of the dermis. 1 It indicates that, even though the epidermis is a relatively small layer, it is important for glucose metabolism. The function of the adipose tissue is to store energy. 13 The storage is increased at higher glucose levels, i.e., excess glucose. The glucose uptake in the subcutaneous tissue exceeds the uptake in the epidermis in the presence of high glucose concentrations and insulin.
Computational Model
The results of the histology research were applied to the model. In the Results section, we showed the depth profile of glucose through the ISF of human skin. This profile showed that the glucose concentration in the dermal ISF was closest to the blood glucose concentration. In addition, this study showed that differences in skin composition among subjects can significantly alter the glucose dynamics in human skin. After changing the volumes of the different components, most variability was observed in the responses of the epidermal and subcutaneous ISF. The difference being that the epidermis was sensitive to changes in all layers, while the adipose tissue only showed response to change in volumes of the adipose tissue itself. The response in the dermis was robust to changes in the volumes.
Comparable results were observed for the influence of layer thickness. However, some differences should be noted. First, the change in thickness of the epidermis significantly influenced the response in both the dermis and the epidermis, but not in the adipose tissue. However, this increase in layer thickness is physiologically unlikely, and taking into account the water profile in the epidermis partly counteracts the changes ( Figure 5) . Next, the response of the adipose tissue only changed with changes within the layer. Remarkably, the response became more constant in the deeper part of the adipose tissue.
These results indicate that, although the epidermis could be a good position for early detection of decreasing glucose concentrations, there is variation in the response between subjects dependent on the histology of the entire skin. Also, the layered structure of the epidermis could possibly make measurements in this layer more difficult to interpret. In contrast, the composition of adipose tissue in the human forearm is relatively constant with depth. 32 Another difference with the epidermis is that, although there is variability in the response in the adipose tissue, this variability only depends on the composition of the adipose tissue, but not on the composition of the other layers. Finally, the response in the dermis shows relatively little variation among subjects and is close to the blood glucose concentration, indicating its potential for noninvasive glucose measurements.
Applications
The results presented in this study can be used in the development of a glucose measurement method. In addition, the results can be used for interpreting measurements, helping to explain intersubject and, to a lesser extent, intrasubject variability. Also relevant is that several studies showed that, in diabetes patients, the composition of the skin can change, e.g., blood supply and skin thickness. 33, 34 These tissue reactions might significantly influence the glucose dynamics in human skin. The approach presented in this study can also be used to characterize the role of these changes on glucose dynamics in the skin of diabetes patients.
Conclusion
This study identified the intersubject variability in human skin composition. We showed that this variability significantly influenced glucose dynamics in human skin. This approach identified robust and sensitive measurement positions between and within subjects in human skin.
